We are comparing results of numerical simulations against high speed simultaneous observations of cavitation and cavitation erosion. We performed fully compressible, cavitating flow simulations to resolve the formation of the shock waves at cloud collapse -these are believed to be directly related to the formation of the damage. Good agreements were noticed between calculations and tests. Two high pressure peaks were found during one cavitation cycle. One relates to the cavitation collapse and the other one corresponds to the cavitation shed off, both contributing to a distinctive stepwise erosion damage growth pattern.
good agreement was noticed when compared with experimental observations. Schnerr et al. [24] developed an in-house conservative finite volume method CATUM (Cavitation Technische Universität München) to investigate the cavitating flow around a hydrofoil focusing the cavitation shock formation and propagation. An instantaneous local pressure peak of the order of 100bar was obtained on the hydrofoil surface, which was assumed to be responsible for the cavitation damages.
In the present paper we are comparing results of numerical simulations against experimental data obtained by Petkovsek & Dular [17] . We performed fully compressible, cavitating flow simulations to resolve the formation of the shock waves at cloud collapsethese are believed to be directly related to the formation of the damage. We have shown that two pressure peaks occur during one cavitation cycle, what consequently explains why the damage observed during the experiments occurs also at times other than at cavitation cloud collapse. Also the importance of small cavitation structures which collapse independently of the main cloud was confirmed.
The present work shows a great potential for future development of techniques for accurate predictions of cavitation erosion by numerical means only.
EXPERIMENT
The experiments were carried out in a cavitation loop test rig in the Laboratory for Water and Turbine Machines, University of Ljubljana. These are only briefly described herefor a more thorough description the reader should refer to [17] .
A Venturi section, which has a converging angle of 18° and diverging angle of 8° was Combined numerical and experimental investigation of the cavitation erosion process ________________________________________________________________________________________________ January 5 th 2015 Matevz Dular 5 used. The size of the throat of the test section was 10×10mm 2 . The geometry is shown in Fig.   1 .
Fig.1: The Venturi geometry.
The idea of the experiment was to simultaneously record images of cavitation structures and cavitation erosion. The upper side of the foil is covered by vapour structures that obstruct the view, hence one needs to look at the foil from the bottom side to see the damage.
Consequently the whole test section had to be made of transparent material and equally important the foil had to be thin enough so that the cavitation damage which occurs on the side exposed to cavitation was also visible on the other side. Furthermore the damage needs to occur very rapidly so that one is able to record it by high speed cameras -we have chosen 10
µm thick aluminum foil and attached it to a Venturi section by a transparent two sided adhesive tape with thickness of 50 µm. Using this approach a sufficient pitting can be obtained in a few seconds.
Two cameras were used in the experiment. For observation of the aluminum foil we used a high speed camera Fastec Imaging HiSpec4 2G mono which can capture images at 523 fps at 3Mpixel resolution. For capturing the cavitation structures from the side view we used Combined numerical and experimental investigation of the cavitation erosion process ________________________________________________________________________________________________ January 5 th 2015 Matevz Dular 6 high speed camera Motion Blitz EoSens mini 1 which can record at 506 fps at 1Mpixel resolution. For the present experiment the cameras were synchronized and recorded at 6000fps at a reduced resolution (Fig. 2) . [17] . The flow is from the right to the left.
Fig. 2: Instantaneous image of the aluminum foil (top images), measured damage of the foil up to this instant (middle images) and instantaneous image of cavitation (bottom images)
The flow direction in Fig.2 is from right to left. Cavitation cloud shedding begins with the cloud separation from the attached cavity. It then travels with the flow and collapses in a higher pressure region downstream. At the rear part of the attached cavity a back flow (re-entrant jet) forms that eventually cuts the cavity in two and causes a new separation of the cloud.
Flow direction
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It can also be seen that the region where most of the pitting occurs corresponds to the position of the cloud collapse. It is interesting to see that not a single pit forms but rather a cluster of them. We hypothesize that the shock wave from the cavitation cloud collapse interacted with several bubbles which were present in the vicinity of the wall (aluminum foil).
It also points to the idea of the cascade explanation of cavitation erosion process, which states that the damage occurrence is a consequence of a chain of events -for example cavitation cloud collapse, shock wave generation, spherical micro-bubble collapse or microject formation, and finally pit formation (Fortes-Patella et al. [11] , Dular et al. [17] ).
For evaluation we used an approach that combines several evaluation procedures used before (Dular et al. [25] , Osterman & Dular [26] and Keil et al. [27] ).
We evaluated the images in pairs -the image at the time t was subtracted from the image at time t+∆t, thus eliminating the surface and illumination imperfections. We employed the pit-count algorithm (Dular et al. [25] ) which determines the pits from the darker regions in an image, while the brighter area is assumed to be undamaged surface -from each image pair we obtained the number and the area of newly appeared pits. The pit-count method gives a distribution of the number and the area of the pits and consequently, the distribution of the magnitude of cavitation erosion on the surface. We can also determine the distribution of the size of the pits. Since we were comparing pairs of two successive images we were also able to consider the possibility of pit overlapping.
MATHEMATICAL MODELS

The governing equations and homogenous flow model
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The liquid phase and vapor phase are treated as a homogeneous mixture based on the volume of fraction. The mixture density and viscosity are defined as a function of vapor volume fraction:
(1 ) 
Turbulence model
As known, the turbulence model plays a significant role in the prediction of cavitating Combined numerical and experimental investigation of the cavitation erosion process ________________________________________________________________________________________________ January 5 th 2015 Matevz Dular 9 flow. Since the standard k-ε model is over-estimating the eddy viscosity in the mixture region, it cannot effectively resolve the detachment of the cavity from solid surface and excessively attenuates the cavitation instability. However, the shedding motion and subsequent collapse are the primary reason causing cavitation erosion. Therefore, a modified Re-normalized group (RNG) k-ε model, proposed by Coutier-Delgosha et al. [28] , was employed in this work. It can successfully reduce the eddy viscosity by defining the turbulent viscosity as:
where the coefficient C µ =0.09, identical with k-ε model, and the exponent n=10, recommended by Coutier-Delgosha et al. [28] .
Cavitation model
The vapor generation and disappearance are controlled by a mass transport equation model (TEM) based on the vapor volume fraction, expressed as: condensation. In this paper, the Zwart-Gerber-Belamri model [29] , deduced from the Rayleigh-Plesset equation, was applied, since it has, based on our previous experience, a precise cavitating prediction performance and a good convergence behavior. It is defined as:
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where F vap and F cond are the empirical calibration coefficients of evaporation and condensation, respectively, r nuc stands for the nucleation site volume fraction, R B is the nucleation site radius.
Vaporization is initiated at nucleation sites, which can be regarded as the non-condensible gases. p v represents the water vaporization pressure. The recommended values of these coefficients are:
-6 m and p v =3574Pa.
As compressible approach was adopted [30] . The vapour obeyed the ideal gas law and the liquid density variation was described via Tait equation: 
MODELING
To get a better accuracy and convergence behavior, the structured hexahedral grid was generated to model the fluid computational domain, shown in Fig. 3 . The model consists of two parts, the nozzle section and the Venturi section. The refinement was made near the Venturi surface, which is shown in more detail in Fig. 3 (bottom). The grid independence test was conducted on the basis of three kinds of mesh density, among which the main difference is the grid distance from the Venturi surface to the first layer.
The average cavity shedding frequency and cavity length and the average longest attached cavity length were selected as the criteria. To ensure the temporal accuracy and to avoid the initial transient of the simulation we calculated 20 shedding periods, then, the average frequency of the shedding was evaluated based on the last 10 periods, by means of monitoring Considering the calculation time and accuracy, the medium grid size was applied further on.
The total number of the elements is about 0.5 million. The Y+ on the Venturi surface along with the chord length was in the order of 20.
Tab. 1: Grid independence test
Grid number/10 
Simulation setup
The commercial CFD code "ANSYS-Fluent" was used to solve the URANS equations the experimental work, where the images were recorded at 6000 frames per second.
Afterwards, the algorithm was changed to the second-order scheme and additionally, the time step was reduced to only 1.6×10 -7 s to obtain a more precise resolution concerning to the cavity shedding off and collapse.
RESULTS
The cavity cloud shedding at σ=1.48 is first analyzed. The comparisons between computational results and experiments are made to validate the numerical simulations, as shown in Fig. 4 . For the computational results, an isosurface of 10% vapor volume fractions are adopted, which relates best to the observations by naked eyes [28] . The ∆t=1.6×10 
Fig. 5: Monitor points (A lies 5mm, B 22 mm, C 48mm and D 65 mm downstream of the throat of the Venturi).
The diagram in Fig. 6 shows the absolute pressure obtained at four monitor points and the number of pits and integral damage area from the experiment [11] . The selected observation period extends over 0.05s (from 0.15 to 0.20 s after the start of the experiment) and includes about six shedding cycles. The simulation data adopted here are obtained with a It can be seen that with the time progressing, the number of the pits and the damaged area are not increasing at a constant pace. A considerable damage occurs only during a period of cloud collapse. More precisely, it can be noticed that some the damage is also generated just before the main cavitation cloud disappears. The reason is that the cavity collapse is not instantaneous -some tiny bubbles collapse before the main cavity collapse, which can be also seen in Fig. 4 (bottom) between t= t 0 +35∆t and t= t 0 +45∆t.
As for the simulation, we can observe that there are two high pressure peaks in one cycle, especially at points C and D. The higher peak corresponds to the cloud collapse, while It is fair to claim that the numerical simulation has pronounced agreement with the experiment -the high pressure shockwaves, which are generated just after the cavity collapse, contribute to the growth of the pit number and the damage area. Also one can see that in the experiment some damage occurs in the period between the collapses. On the basis of the simulation we can conclude that this occurs during the breaking off of the cloud, when some individual bubbles collapse without merging into a large cloud. A similar conclusion can also be reached from recently published experimental work of Bark and Bensow [12] . And also there are some damages generated from the attached part of the cavity. At this instant the simulation shows a secondary, smaller, pressure increase which is best seen from monitors A and B as they lie in the region of cavitation cloud separation. To support this claim, the simulated instantaneous pressure on the Venturi surface, the pits on the aluminum foil and the cavity structures are analyzed together in Fig. 7 .
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Fig. 7: Instantaneous simulated absolute pressure on the Venturi surface (top images), measured damage of the foil (middle images) and instantaneous image of cavitation (bottom images). σ=1.48 and v=24.7m/s. The flow direction is from right to left.
A full shedding cycle is presented in Fig. 7 . The sequence starts exactly after the previous cavitation cloud disappears. Of course, the absolute pressure on the foil (the upper image) is low where cavitation exists. And also, the length of the low pressure region matches the cavitation length well -even for the detached cloud cavitation (at t=40∆t).
As for the damage on the foil (the middle image), we can see that during the growth of the attached cavitation, form t=0 to t=20∆t, only a few pits (seen as white dots) occur. They might be caused by the tiny bubbles at the rear part of the cavitation, where the cavitation is very unstable. At t=30∆t, the cavitation starts shedding off and a new attached cavitation Combined numerical and experimental investigation of the cavitation erosion process ________________________________________________________________________________________________ January 5 th 2015 Matevz Dular 19 forms near the throat of the Venturi a few micro seconds after. It can be noticed that during the period from t=30∆t to t=40∆t, a numbers of pits appear in the vicinity of the throatconveniently the simulation predicts a high pressure peak in this region and time. This supports our claim that the shedding off of the cavitation can cause the erosion damage.
Finally, at the cavitation collapse step from t=40∆t to 50∆t, one can again observe an increase of the pressure and the correspondingly a large amount of pits appearing in the vicinity of the cloud collapse site. One can conclude that the main erosion damage results from the cavitation cloud collapse while some is also produces during the shedding off the cloud.
More precisely simulations with a much smaller time step 1.6×10 -7 s were conducted to investigate the correlation between damage appearance, the cavitation cloud collapse and the shedding of the cloud. From t=0.1854 s to t=0.18585 s, the pressure during the shedding keeps on increasing, reaching a peak of 1.6×10 5 Pa. After the detachment, the less detailed simulation predicts the pressure continues to rise, while in the more detailed one it settles and remains at a certain level.
Again we plot six instants to present the absolute pressure on the Venturi surface together with the cavitation during the shedding process (Fig.11) . The gray dot in the images represents the monitor A. In image a, we can see that the cavitation is beginning to shed, but no high pressure region can be seen yet. A pressure peak first appears after the cavitation breaks off (image c) -in a very small region (noted by a dashed square). After breaking off, a small bubble remains at the leading edge (image d). When it vanishes, some high pressure shock waves are emitted from time c to time e, which can be more obviously seen in Fig. 10 . At time f, the cavitation begins to shed off on the other side of the channel, but there is no break off, so only one high pressure peak appears at this moment. This shows how and when the pressure peak is created during the shedding process, which eventually leads to a, previously hard to explain, damage near the throat of the Venturi.
CONCLUSIONS
In this paper, a compressible approach to simulate cavitating flow in a Venturi section was performed with two different time steps. The results were firstly validated against (2) Instantaneous images of the absolute pressure on the Venturi surface, measured erosion damage of the foil and the instantaneous image of cavitation were analyzed simultaneously. It was found that the main damage occur at the cavitation cloud collapse, as a clear result of a very high pressure wave which is emitted at that instant. Besides this we were able to conclude that a somewhat less pronounced pressure peak occurs during the cloud shedding process -and that this also contributes to some cavitation erosion pits. There are also some indications that an almost negligible number of pits is generated during the growth of the attached cavitation.
(3) Finally, based on a more time resolved simulation (time step length was only 1.6×10 -7 s), we observed instabilities during the collapse and the shedding of cavitation cloud. We were able to show that the cavitation collapse is not instantaneous and coherent -many tiny bubbles collapse prior and after the main clouds collapse and these also considerably contribute to the erosive energy potential of cavitating flow. 
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